Shear-Driven Redistribution of Surfactant Affects Enzyme Activity in Well-Mixed Femtoliter Droplets by Liu, Yu et al.
Shear-Driven Redistribution of Surfactant Affects
Enzyme Activity in Well-Mixed Femtoliter Droplets
Yu Liu,† Seung-Yong Jung,† and C. Patrick Collier*,†,‡
Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California 91125, and
Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, P.O. Box 2008, MS-6493,
Oak Ridge, Tennessee 37831
We developed a microfluidic platform for splitting well-
mixed, femtoliter-volume droplets from larger water-in-
oil plugs, where the sizes of the daughter droplets were
not limited by channel width. These droplets were sepa-
rated from mother plugs at a microfabricated T-junction,
which enabled the study of how increased confinement
affected enzyme kinetics in droplets 4-10 µm in diam-
eter. Initial rates for enzyme catalysis in the mother plugs
and the largest daughter drops were close to the average
bulk rate, while the rates in smaller droplets decreased
linearly with increasing surface to volume ratio. Rates in
the smallest droplets decreased by a factor of 4 compared
to the bulk rate. Traditional methods for detecting non-
specific adsorption at the water-oil interface were unable
to detect evidence of enzyme adsorption, including pen-
dant drop tensiometry, laser scanning confocal micros-
copy of drops containing labeled proteins in microemul-
sions, and epifluorescence microscopy of plugs and drops
generated on-chip. We propose the slowing of enzyme
reaction kinetics in the smaller droplets was the result of
increased adsorption and inactivation of enzymes at the
water-oil interface arising from transient interfacial shear
stresses imparted on the daughter droplets as they split
from the mother plugs and passed through the constricted
opening of the T-junction. Such stresses are known to
modulate the interfacial area and density of surfactant
molecules that can passivate the interface. Bright field
images of the splitting processes at the junction indicate
that these stresses scaled with increasing surface to
volume ratios of the droplets but were relatively insensi-
tive to the average flow rate of plugs upstream of the
junction.
Advances in nanotechnology offer opportunities for discovering
and characterizing new chemical and biochemical phenomena in
ultrasmall, biomimetic systems containing only a few reacting
molecules.1-4 Many biochemical transformations in living systems
occur in highly nonideal, crowded, and confined cellular nanoen-
vironments, which can significantly affect thermodynamic and
kinetic properties.5,6 Numerous methods have been reported for
carrying out chemical and biochemical reactions in compartmen-
talized containers as model systems.7-13 However, nonspecific
adsorption and inactivation of enzymes at surfaces and interfaces
at small scales, as the surface to volume (S/V) ratio becomes very
high,14 can significantly degrade the ability to obtain accurate
measurements of kinetic rates.
Water-in-oil plug formation in microfluidic devices has become
an attractive and well-established method for the compartmental-
ization of aqueous reactions that avoids the inherent surface
properties of polydimethylsiloxane (PDMS) and other solid
materials.15 A number of reports have been published on the
formation and rapid mixing of monodisperse water-in-oil plugs
formed at the intersection of two or more aqueous streams with
an immiscible oil stream (for a review, see ref 15). As is the case
for compartments defined in solid substrates, minimization of
nonspecific adsorption of biomolecules at the aqueous-oil inter-
face requires careful choice of passivating molecules, typically
polyethylene glycol (PEG)-based phospholipids or surfactants.
Control of nonspecific protein adsorption at the water-oil interface
has been demonstrated by Roach et al. in microliter drops with
pendant drop tensiometry and in nanoliter water-in-oil plugs in a
microfluidic device by fluorescence microscopy and measure-
ments of enzyme kinetics.16
The sizes of water-in-oil plugs scale with microchannel dimen-
sions, typically in the range 10-100 µm. We have designed a
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microfluidic device, shown schematically in Figure 1 that included a
second T-junction downstream of a mixing stage, which allowed
smaller daughter droplets (e10 µm diameter) with well-mixed,
homogeneous concentration profiles, to be split off from the larger
water-in-oil mother plugs. Without a change in the geometry of the
second T-junction17 or implementing complicated pressure control
schemes at both inlets and outlets,18,19 daughter droplet volumes
could be continuously and reproducibly controlled over more than
2 orders of magnitude by adjusting the backing pressures at the oil
and aqueous inlets. The resulting daughter droplet size distributions
for all diameters generated at the second T-junction had coefficients
of variation (COV) that were less than 3%, indicating they were
monodisperse and could be controlled precisely and reproducibly.
The nascent daughter droplets were then trapped in the side channel
of the junction by closing a control valve. This device was used to
measure the effects of daughter droplet volume on the reaction rates
of confined -galactosidase enzymes (-Gal) at the same concentra-
tion using a fluorogenic assay involving the hydrolysis of nonfluo-
rescent substrate molecules to yield fluorescent resorufin.11,12 The
assay was carried out with the same concentration of enzyme and
substrate as in the bulk, for droplets ranging in size from 4 to 10 µm
in diameter, which corresponds to volumes of 34-523 fL (10-15 L).
On the basis of measurements from drop tensiometry and from
reaction rates for -Gal in larger daughter drops formed in our
device (9-10 µm diameter), which were close to the average bulk
rate, we found that nonspecific adsorption of -Gal enzymes was
suppressed at the water-oil interface with the inclusion of a PEG-
based surfactant, consistent with reports by Roach et al.16 These
findings were corroborated by epifluorescence microscopy of
drops and plugs containing fluorescently labeled -Gal enzymes
and PEG surfactant generated in the microfluidic device and laser
scanning confocal microscopy images of droplets in microemul-
sions. However, we found a linear decrease in the initial reaction
rate for enzyme catalysis from smaller daughter droplets split off
from mother plugs at the second T-junction in the device that
scaled with decreasing droplet diameter, from 10 µm, where the
average initial rate was only slightly lower than the bulk rate, to
4 µm, which had an initial rate that was 4 times slower than the
bulk.
In this article, we propose a mechanism for this decrease in
initial reaction rates for confined -Gal enzymes with decreasing
daughter droplet size. A key assumption in our analysis is that
nonspecific adsorption of -Gal enzymes at the water-oil interface
results in a reduction of the enzyme’s catalytic efficiency, by
affecting either KM or kcat in the Michaelis-Menten mechanism
or both. This assumption is supported by an extensive series
of control experiments which demonstrated that the decrease
in measured reaction rate did not result from substrate
depletion, product inhibition, or optical effects in the confined
volumes. Nor was it the result of instabilities due to pressure
fluctuations in the device or uncertainties in determining
droplet diameters, which were measured with high accuracy
and precision. We believe that effective passivation against
enzyme adsorption at the interface initially present in the larger
mother plugs in the main channel of the microfluidic device
decreased during the formation of the smaller daughter
droplets in the side channel. This decrease in passivation
effectiveness at the interface was the primary cause for the
observed decrease in enzyme kinetics in the smaller droplets.
Standard methods for characterizing passivation against non-
specific adsorption of biomolecules at surfaces and interfaces,
such as tensiometry and fluorescence imaging with labeled
proteins, failed to capture this effect.
We present evidence for loss of enzyme activity during
daughter droplet formation in the microfabricated T-junction due
to shear-induced changes in interfacial area and, hence, density
of surface active molecules, including both PEG surfactant
molecules and -Gal enzymes. This evidence is consistent with
reports in the literature characterizing shear-induced effects on
surfactant interface distributions during droplet deformation and
breakup in multiphase flows at low Reynolds numbers.20-22 In
particular, our proposed mechanism is similar to that published
by Cate and co-workers for describing mixing of crowded
biological solutions in water-in-oil plugs, based on interfacial shear
stresses generated by microfabricated protrusions of the channel
walls in their device.23
Our results indicate that methods used for forming ultrasmall
volumes could have significant effects on kinetics. Traditional
methods for characterizing protein adsorption at liquid-liquid
interfaces may show negligible adsorption in nanoliter volumes
containing thousands of enzymes typically encountered in microf-
luidics devices but fail to detect protein adsorption in smaller-
volume daughter droplets that result from S/V scaling and
mechanical manipulation of the water-oil interface during droplet
splitting. These effects will become more prominent as the number
of biomolecules at a given concentration in the confined space
becomes small. Quantitatively accounting for these effects will be
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Figure 1. (A) Schematic of the microfluidic device used to produce
monodisperse, homogeneous water-in-oil droplets with diameters that
could be precisely controlled from 10 to 2 µm. (B) Detail of the
T-junction used to generate daughter droplets from mother plugs and
the control valve used to trap them in the side channel. The main
channel was 30 µm wide and 25 µm high and had a rectangular
profile. The two aqueous inlets were each 20 µm wide and 25 µm
high. The side channel was rounded with a width of 30 µm and a
height of 12 µm, except for the control button (60 µm width and 10
µm height) and the T-junction opening (15 µm width and 5 µm height).
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important in characterizing new chemical and biochemical kinetic
phenomena in confined nanoenvironments.24,25
EXPERIMENTAL SECTION
-Galactosidase (-Gal) was purchased from Calbiochem
(Gibbstown, NJ), and resorufin--D-galactopyranoside (RGP) was
obtained from Molecular Probes (Eugene, OR). Alexa568 labeled
-galactosidase (Alexa568--Gal) was obtained using the Protein
Labeling Kit (Molecular Probes, Carlsbad, CA). Resorufin was
purchased from Sigma-Aldrich (St. Louis, MO). These were used
without further purification for making aqueous solutions with
Millipore 18 MΩ water (Billerica, MA) or 100 mM phosphate
buffered saline (PBS) containing 1 mMMgCl2 at pH 7.2. Soybean
oil (Sigma-Aldrich) used in this experiment was purified of
surface-active contaminants (mainly monoglycerides) by gravity
filtration through a column packed with a 1:1 mixture of fluorisil
and silica gel (100-200 mesh, Sigma-Aldrich) until the equi-
librium interfacial tension at the oil-water interface matched
that of reported values for purified soy oil in the literature (∼31
mN/m).26 4-Nonylphenyl-polyethylene glycol (NP-PEG) sur-
factant (Sigma-Aldrich) was diluted 0.1% v/v in the purified soy
oil. We had originally tried both silicone oil and perfluorinated
oil. We found that the PDMS in our microfluidic devices was
swelled by silicone oil. This caused changes in flow rate versus
time, which made control of flow rate extremely difficult. When
perfluorinated oil was used, daughter droplets were not formed
at the T-junction reproducibly, due to the higher interfacial
tension between the perfluorinated oil and aqueous buffer.
These effects had been seen before for on-demand generation
of femtoliter-volume droplets by shear.27 Purified soybean oil
with NP-PEG surfactant worked the best in terms of both
inertness to PDMS and stability of daughter droplet formation.
The microfluidic devices were fabricated using multilayer soft-
lithographic techniques (see Supporting Information for details).
Three Teflon jars (Big Science Inc., Huntersville, NC) containing
purified soy oil or aqueous solutions (one jar for enzyme solution,
one for substrate) were connected in parallel to the appropriate inlets
on the PDMS device through Tygon (Small Parts, Miramar, FL) and
23 gauge stainless steel tubing (Technical Innovations, Brazoria, TX).
Backing pressures (compressed N2) for the aqueous and oil
reservoirs, ranging from 10 to 25 psi, were controlled by high
precision voltage-to-pressure transducers (Marsh Bellofram, New-
ell, WV) which forced fluids from the jars into the main flow
channel. A Matlab program (Mathworks, Natick, MA) precisely
controlled the voltages applied to the transducers, routed through
an analog output board (16 bit resolution, 0-10 V range, USB3103,
Measurement Computing, Norton, MA). The backing pressures
at the different inlets were optimized independently to achieve
stable formation of mother plugs in the main channel and the
generation of daughter droplets of desired diameter in the side
channel. The control valve reservoir and an osmotic bath in
the control layer were filled with 18 MΩ water to prevent water
pervaporation from the droplets.28 The control valve was deflected
downward by compressed N2 (30 psi) to seal the side channel
and stop the movement of daughter droplets on demand in the
field-of-view of an inverted optical microscope (Eclipse TE 300,
Nikon Instruments, Melville, NY), operating in epifluorescence
mode with a 100× oil-immersion objective (NA 1.4). Bright field
or fluorescence images were captured with a CoolSNAP-HQCCD
camera (Roper Scientific, Tucson, AZ) and analyzed with Meta-
morph software (Universal Imaging Corp., Downing Town, PA),
ImageJ (National Institutes of Health) and custom-made Matlab
scripts. A 200 W mercury-xenon arc lamp (Ushio, Japan) acted
as the light source in combination with appropriate filter sets (G-
2E/C, Nikon Instruments) for the detection of resorufin fluores-
cence. Photobleaching of resorufin was minimized by utilizing
neutral density filter sets (ND8 and ND4) and synchronizing the
CCD camera with a Lambda SC smart shutter (Sutter Instrument
Company, Novato, CA). Included in the Supporting Information
are detailed descriptions of experiments to characterize the perfor-
mance of our device for the stable generation and manipulation of
well-mixed, monodisperse sub-10 µmwater-in-oil droplets, calibration
of fluorescence intensities as functions of substrate concentration and
droplet diameter, and traditional assays employed for measuring
nonspecific interfacial adsorption, such as pendant drop tensiometry
and laser scanning confocal microscopy of labeled enzymes in
microemulsions.
RESULTS AND DISCUSSION
Stable Generation and Trapping of Sub-10 µm Droplets.
The device design is similar to those reported by other groups
for producing monodisperse, well-mixed water-in-oil plugs,15 with
the addition of a second microfabricated T-junction downstream
from the plug formation region and the mixing stage in order to
generate smaller daughter droplets from mother plugs. The
incorporation of a control valve in the side channel stopped
daughter droplets on demand within the field-of-view of an inverted
epifluorescence microscope. The overall scheme of the microf-
luidic device is depicted in Figure 1. Two aqueous inlets
(rectangular, 20 µm width × 25 µm height) introduced enzyme
and substrate streams independently into the main channel
(rectangular, 30 µm width × 25 µm height), where they formed
mother plugs entrained in the oil phase. At the capillary numbers
associated with fluid flow in the main channel in our device
(∼0.06), the dynamics associated with plug formation are best
described by Stone and Whitesides29 and involve periodic blocking
of the oil flow by the aqueous streams. Each blocking event
generated a slightly higher positive backpressure in the oil
channel, which swept the aqueous plug down the main channel,
allowing the process to be repeated. Once steady-state conditions
were reached, the plug formation frequency and plug volumes
were stable for extended times (20-30 min without any adjust-
ments). At this point, minor increases of the backing pressure at
the oil inlet resulted in slightly shorter aqueous plugs formed at
moderately higher flow rates.
After formation at the oil/aqueous inlets, the mother plugs
entered a winding mixing stage, which mixed the contents of the
plugs by chaotic advection.15 This process was facilitated by
(26) Gaonkar, A. G.; Borwankar, R. P. J. Colloid Interface Sci. 1991, 146, 525–
532.
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2006, 78, 6433–6439.
(28) Hansen, C. L.; Classen, S.; Berger, J. M.; Quake, S. R. J. Am. Chem. Soc.
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microfabricated “cavities” along the mixing channel periphery.23
Fluorescent images of mother plugs formed by mixing Alexa568
labeled -Gal and buffer solution indicated that mixing was
complete within 300 ms. The Supporting Information includes
descriptions of several tests of plug formation stability against
pressure fluctuations in the device, as well as careful calibration
of the relative rates of injection of the two aqueous streams
(enzyme and substrate) into the main channel to ensure that there
were always 50/50 mixtures in the mother plugs.
Usually, aqueous plugs formed by entrainment in an im-
miscible oil phase have widths and heights that match the cross-
sectional dimensions of the microchannel and larger lengths.19
Further reduction of the plug size by increasing shear force is
limited by the dimensions of the aqueous inlets at the intersection
with the main channel. In addition, reducing the interfacial tension
with surfactant tends to destabilize plug formation, resulting in
random break-up of the plugs.30 This occurs when the amount of
surfactant in the oil lowers the interfacial tension to the point
where the capillary number of the system, Ca ) µv/γ, where µ is
viscosity, v is the average velocity, and γ is the interfacial tension,
switches from a “squeezing”, pressure-dominated regime (Ca <
∼10-2), necessary for efficient plug formation, to a “dripping”,
shear-dominated regime (Ca > ∼10-2), where the aqueous
streams no longer periodically block the oil inlet channel
sufficiently to form isolated plugs.29 In order to form a
monodisperse distribution of smaller droplets with tunable
sizes, we incorporated a microfabricated T-junction (rounded,
30 µm width and 12 µm height except at the control button
and the T-junction) immediately after the mixing stage, as
shown in Figure 1B.
Breakup processes of monodisperse plugs or droplets in microf-
luidic flows have been the subject of extensive theoretical and
experimental studies.17,18,20,21,31,32 In general, the volume of daughter
droplets produced from amicrofabricated junction will be dependent
on the relative flow resistance of the smaller side channel compared
with that of the main channel.17 The available literature describes
only junctions with uniform height. In our design, the height at the
opening of the side channel (about 5 µm at the junction) was
considerably less than that of the main channel (25 µm), effectively
increasing the flow resistance of the side channel without decreasing
its width (30 µm). The resulting daughter drops had diameters
unconstrained by the side channel width (about 15 µm at the
T-junction). Droplets ranging in diameter from 2 to 10 µm were
formed reproducibly by increasing the oil flow velocity in the main
channel relative to fixed aqueous inlet backing pressures, which
corresponds to a change of droplet volume over 2 orders of
magnitude. All COV values of the droplet size distributions for our
device were less than 3% (Supporting Information).
The stream of daughter droplets in this device could be
stopped instantaneously and trapped in place by applying hydraulic
pressure to the control valve (see Figure 1B), which blocked the
flow in the side channel without perturbing the flow in the main
channel. In order for the control valve to close the side channel
at reasonable pressure (30 psi), the channel was widened to 60
µm at the control point to decrease the local aspect ratio.
Negligible vibration of the daughter droplets was observed in the
process, in contrast to what has been reported using syringe
pumps and sample injection valves.33 Subsequent daughter
droplets could be trapped and interrogated by releasing the valve
and closing it again after a short recovery period. Multiple rounds
of observation were performed in this manner to collect data from
numerous experiments. Trapped droplets were further protected
from shrinkage due to water pervaporation by introducing an
osmotic bath in the control layer on top of the side channel.28
The control valve adjacent to the osmotic bath also used water as
its working fluid. Prolonged observation on the same droplet could
be performed without ambiguity arising from droplet movement,
shrinkage, or merging (Supporting Information).
Initial Enzymatic Reaction Rates Decrease with Decreas-
ing Droplet Size. Hydrolysis of the RGP substrate by -Gal
releases fluorescent resorufin, with galactose as a byproduct.
Enzymatic activity can be followed by monitoring the increase of
fluorescence in the droplets as a function of time, due to the
accumulation of resorufin in the droplets.11,12 Values of KM )
128.5 µM and Vmax ) 0.248 µM/s for the reaction were
determined from a Lineweaver-Burk plot of the bulk rate data
for -Gal (0.1 µg/mL) as a function of substrate concentration
from 4.86 to 471 µM (Supporting Information).
Figure 2 shows the initial steady-state kinetics for the -Gal
reaction carried out in droplets ranging in diameter from 4.25 to
9.75 µm, in comparison to the average rate from bulk stopped-
flow measurements (solid line). The nominal enzyme concentra-
tion used for all experiments, both in the droplets and in the bulk,
was 1.85 nM (1.0 µg/mL), and the initial concentration of the RGP
substrate was 25 µM. Triplicate measurements of the time-
dependent product concentrations as functions of time were used
to generate the mean and standard deviation for each data point
in Figure 2A. The error bars for each trace correspond to ±1
standard deviation from the mean. Although there were differ-
ences in individual reaction rate trajectories from similar size
droplets in Figure 2A (e.g., the average initial rate from the 9.0
µm droplets was greater than from 9.5 µm droplets), the trend
was the reaction velocity tracked the bulk rate initially and then
slowed down significantly after a few seconds. It is important to
stress that these fluctuations were not due to pressure fluctuations
in the device or uncertainty associated with the measurement of
droplet sizes, which were characterized with high precision
(Supporting Information) but came from another source. Enzyme
catalysis, in general, appeared to be much slower in smaller
droplets.
In fact, when the initial reaction rate is plotted as a function of
droplet size, a clear negative trend compared to the bulk rate with
decreasing droplet size can be seen that is statistically significant.
The means and standard deviations of the initial enzymatic rates
as functions of droplet diameter from 1067 droplets are plotted in
Figure 2B. The raw data from the 1067 measurements are included
in the Supporting Information. The initial rates were determined
within the first 4 s after forming the droplets. The mean and
standard deviation of the bulk initial rate was 0.36 ± 0.06 µM/s
(horizontal solid and dashed lines in Figure 2B), determined from
seven independent measurements taken over a 6 month period.
(30) Zheng, B.; Tice, J. D.; Ismagilov, R. F. Anal. Chem. 2004, 76, 4977–4982.
(31) Tsai, T. M.; Miksis, M. J. J. Fluid Mech. 1994, 274, 197–217.
(32) Tan, Y.-C.; Fisher, J. S.; Lee, A. I.; Cristini, V.; Lee, A. P. Lab Chip 2004,
4, 292–298.
(33) Beer, R. N.; Hindson, B. J.; Wheeler, E. K.; Hall, S. B.; Rose, K. A.; Kennedy,
I. M.; Colston, B. W. Anal. Chem. 2007, 79, 8471–8475.
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The standard deviation in the bulk initial rate reflects the variation
in enzyme activity under identical conditions from one lot to the
next (the same vendor had been used for all experiments).
Although there were significant fluctuations in initial reaction rates
from the droplets in Figure 2A, the trend in Figure 2B was a linear
decrease in the average initial reaction rates with decreasing
droplet size, from 0.25 ± 0.02 µM/s at the highest value (for 10
µm diameter droplets) to 0.10 ± 0.05 µM/s at the lowest (for 4
µm diameter droplets). The linear correlation coefficient for the
regression of the droplet data (solid line in Figure 2B) was 0.912.
The p-value of the null hypothesis was 0 (<10-10) using the
Student’s t test. The 95% confidence region of the fitted slope
in Figure 2B is 0.029 ± 0.004 µM/s/µm.
We found very similar correlations between the initial reaction
rate and droplet size, regardless of the average backing pressures
used at the inlets. Figure 2C shows subsets of the 1067 total
measurements of initial reaction rate versus droplet size, taken
at two different backing pressures at the oil inlet (68 droplets at
7.7 psi versus 158 droplets at 14.5 psi; the average backing
pressures at the aqueous inlets were about 2 psi lower than the
pressures at the oil inlets). Although we did not perform linear
regressions on these subsets of measurements, they appear to
follow a similar trend as the complete data set in Figure 2B.
This result was surprising given the fact that laser scanning
confocal microscopy and epifluorescencemicroscopy of droplets with
labeled -Gal enzymes, as well as tensiometry measurements,
indicated negligible adsorption of -Gal enzymes to the oil-water
interface when 0.1% v/v NP-PEG surfactant was used, even for
enzyme concentrations 2 orders of magnitude higher than that (1.85
nM) actually used in the experiments (Supporting Information). The
Supporting Information includes descriptions of a number of control
experiments performed to eliminate several other possible causes
for the decreased reaction rates in smaller droplets. Also included
in the Supporting Information is evidence that the loss of enzyme
activity occurred during droplet splitting from the plugs at the second
T-junction in the device, not upstream.
Size Dependent Interfacial Shear Redistributes Surfactant
at Oil-Water Interface in Daughter Droplets. Detailed exami-
nation of the splitting process at the T-junction provides evidence
in support of our hypothesis that droplet splitting affects the
passivation of the water-oil interface against nonspecific binding
and subsequent inactivation of -Gal enzymes. Figure 3 includes
bright field images of daughter droplets being split off from
mother plugs at the second T-junction, for two different droplet
diameters: 5 µm (Figure 3A-D) and 10 µm (Figure 3E-H). All
of the images were taken at an average linear flow velocity in the
main channel of 1.7 mm/s except for Figure 3C, which had an
average flow velocity of 6.6 mm/s. The fact that two different flow
rates (Figure 3C versus parts A, B, and D) resulted in the same
droplet diameter (5 µm) is consistent with the correlation plot in
Figure S11 of the Supporting Information, which showed that
droplet diameter was more dependent on the minor but well-
controlled pressure difference of the oil inlet relative to the
aqueous inlets at steady state than the overall magnitude of the
backing pressure and, hence, flow rate in the main channel. This
observation has been reported before for water-in-oil droplets in
microfluidic devices.34
It is this minor pressure difference at the intersection between
the aqueous and oil phases that controls the length of the mother
plug when it is formed, and hence, the size of the resulting
daughter droplet. The plug flow rate was not nearly as important
in determining droplet diameter as plug length, which suggests
that droplet diameter in our device was primarily controlled by
the temporal overlap between a characteristic splitting-off time,
determined by the nozzle geometry of the constriction of the
T-junction as well as the viscoelastic properties of the fluidic
interface, with the time it takes for the mother plug to travel across
the opening. For the smaller 5 µm diameter droplets, the initial
budding event occurred closer to the end of the plug in Figure
3A, which limited the growth of the nascent daughter droplet
before it was split-off, compared to the 10 µm droplet in Figure
3E. Apparently, the characteristic droplet splitting-off time and the
plug transit time across the junction opening have similar relative
scaling at higher and lower flow rates (as evidenced by the same
droplet size for Figure 3C as parts A, B and D).
The constriction of fluid flow at the nozzlelike orifice of the
junction (height 5 µm) generated local extensional and shear
stresses responsible for the droplet budding and stretching from
(34) Thorsen, T.; Roberts, R. W.; Arnold, F. H.; Quake, S. R. Phys. Rev. Lett.
2001, 86, 4163–4166.
Figure 2. Initial reaction rates in femtoliter volume droplets. (A)
Resorufin product concentrations as functions of time for droplets with
diameters from 9.75 to 4.25 µm, compared to the bulk reaction. (B)
Mean and standard deviations of the initial rate from 1067 droplets.
Dashed and dotted horizontal lines represent the mean and (
standard deviation of the initial bulk rate. (C) Subsets of data at two
different backing pressures at the oil inlet show similar trends.
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the mother plug seen in Figure 3A and B and E and F.17,18,20,21,31,32
As a daughter droplet passes through the constriction and is
deformed by the external flow field, the capillary pressure at the
nose of the droplet will be less than that at the neck of the
constriction, due to differences in radii of curvature. This pressure
gradient results in an interface instability which allows an oil film
to grow at the neck of the constriction, eventually splitting off
the daughter droplet from the plug.20,31 The transient processes
that occur during droplet splitting change the distribution of
surface-active molecules at the interface, including NP-PEG
surfactant, as well as -Gal enzymes. The locally high fluid
velocities and shear forces present at the neck of the constriction
in the junction result in changes in the interfacial area of the
droplet due to shape distortion effects such as dilation and
contraction. These changes in interfacial area result in changes
in surfactant density at the interface and, hence, passivation against
nonspecific binding of enzymes. In addition, shear-induced
convection of surfactants or enzymes to and on the interface can
occur. The relative contributions of uniform dilution of surfactant
at the interface due to droplet shape distortion and the formation
of surfactant density gradients due to forced convection will
depend on the relative contributions from local capillary numbers
at the junction during droplet splitting and the surfactant Pe´clet
number, which is the dimensionless ratio of surfactant convection
to diffusion.21 A similar mechanism was used by Cate and co-
workers to describe the mixing of crowded viscous solutions in
water-in-oil plugs, using microscopic bumps fabricated in the
channel walls of their serpentine mixing stage to generate
oscillating interfacial shear stresses in the plugs.23
Although we were not able to directly measure the shear forces
acting on a budding daughter droplet as it split off from its mother
plug, we carried out a semiquantitative analysis based on Taylor’s
theory of droplet deformation under shear stress.35 A droplet
subjected to shear stress by an external flow field will deviate
from a spherical shape. The length (L) and breadth (B) of the
deformed droplet can provide a measure of the capillary number
Ca ≡ shear stress/Laplace pressure for a stationary droplet (one
not moving with the external flow). Specifically, Taylor derived a
dimensionless parameter F ≡ (L - B)/(L + B), which is
equivalent to the capillary number for a stationary droplet. This
condition should be approximately satisfied for a new droplet
within the first few milliseconds as it splits from the mother plug,
as seen in the images in Figure 3. Included in parts C and G of
Figure 3 are line segments corresponding to measurements of L
and B overlaid on images of daughter droplets at the moment
where they are almost completely split from their mother plugs.
The images used to calculate F ≡ (L - B)/(L + B) ≈ Ca for all
the entries in Table 1 are included in the Supporting Information.
Table 1 summarizes the results of such a calculation for both
large and small daughter droplets imaged under different backing
pressures. The Laplace pressure was calculated from 2γ/r, where
γ is the interfacial tension at the oil-water interface in the
presence of the 0.1% v/v NP-PEG surfactant (7.5 mN/m) and r is
the radius of the imaged droplet. With an estimate for Ca and the
Laplace pressure, the shear stress can be calculated.
The results in Table 1 show that smaller daughter droplets
experienced higher shear stress during their formation, regardless
of the magnitude of the average backing pressures applied at the
inlets, consistent with the results shown in Figure 2C and by others.34
Because of the higher shear stress imparted on the smaller droplets
as they were split off from their mother plugs, surfactant molecules
initially uniformly distributed at the oil-water interface were per-
turbed, which led to a reduction in the passivation of the interface
and the adsorption and inactivation of enzymes.
Another possible mechanism that could explain the size
dependent reaction rates seen in droplets would be the deforma-
tion or denaturation of -Gal enzymes directly from shear stresses
present in the aqueous interior of the droplets. We have not been
able to find a quantitative analysis for shear-induced destabilization
of -Gal enzymes in the literature. However, for urease, a
multimeric high molecular weight (480-545 kDa) enzyme similar
to -Gal in complexity, shear-induced decreases in enzyme kinetics
were reported only for shear strain histories (shear rate multiplied
by exposure time) in excess of 105, (and only in the presence of
(35) Taylor, G. I. Proc. R. Soc. London, Ser. A 1934, 146, 0501–0523.
Figure 3. Bright field images of daughter droplets splitting off from mother plugs at the microfabricated T-junction connecting the main and
side channels. Plugs are traveling right to left across a row. (A-D) 6 µm diameter droplets and (E-H) 10 µm diameter droplets. The plug flow
rate was 1.7 mm/s for all images except for part C, which was 6.6 mm/s. Scale bar ) 10 µm. Overlaid white crosses in images C and G were
used for graphical estimation of capillary numbers for budding droplets, which are included in Table 1.
Table 1. Shear Stresses for Nascent Daughter Droplets
at the T-Junction
mean aqueous
inlet pressure
(psi)
oil inlet
pressure
(psi)
droplet
diameter
(µm)
Ca ≈
(L - B)/
(L + B)
Laplace
pressure
(kPa)
shear
stress
(kPa)
9.9 11.4 9.3 0.21 3.2 0.68
11.7 5.2 0.27 5.8 1.6
19.7 21.5 8.8 0.20 3.4 0.68
22.0 5.7 0.30 5.3 1.6
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propitious metal ions).36,37 Such shear-induced decreases in
urease activity were reversible. In our case, the maximum shear
rates the enzymes could have experienced in the droplets can be
estimated by dividing the shear stresses listed in Table 1 by the
viscosity of water at 20 °C (0.1 cP) to give the range of shear
rates: ∼105-106 s-1. The maximum shear rate multiplied by
the splitting-off time of daughter droplets from mother plugs
when shear forces were present (2-10 ms, based on the flow
rates of plugs in Figure 3) result in, at most, shear strain histories
of only 103, 2 orders of magnitude less than that reported to
deactivate urease. On the basis of these considerations, we
believe it is more likely that irreversible adsorption at the int-
erface was the predominant mechanism for enzyme deactivation.
The Supporting Information describes an experiment using
soluble PEG molecules as crowding agents in the droplets to
confirm an important prediction of our model: the size-dependence
of the reaction rate decrease would disappear, regardless of the
strength of shear stress, if the interface could remain completely
passivated during the splitting-off process.
CONCLUSION
This article is the first report of a microfluidic device design
for splitting off daughter droplets from mother water-in-oil plugs
where the sizes of the droplets were not limited by the channel
width of the device. This design has enabled the controlled
initiation and interrogation of catalytic rates for confined enzymes
in aqueous droplets down to 4 µm in diameter. This has led to
the discovery of shear-induced redistribution of surfactants and
enzymes that occurred during the splitting process, which resulted
in size dependent inactivation of some of the initial enzyme
population due to nonspecific adsorption. We expect to observe
similar phenomena as long as small droplets experience high
shear forces during their formation, regardless of the details of
the device geometry.
The importance of the distribution of surfactants at fluidic
interfaces on multiphase fluid flows was first recognized years ago
when the terminal velocity of an air bubble in water appeared to be
a function of bubble volume.38 Many authors have worked to
characterize the effects that surfactants have on droplet motion and
deformation in porous media, in fields such as oil recovery, pollution
remediation, and in understanding the rheological properties of
polymers.20 In return, mechanical manipulations of droplet size and
shape will change the distribution of surface active molecules at
interfaces. These effects were exploited by Cate and co-workers to
aid in the mixing of water-in-oil plugs crowded with large macro-
molecules.23 However, the same phenomena can also result in driving
initially active -Gal enzymes in the aqueous interior of a droplet to
the interface. The consequences for catalysis become proportionately
more severe at higher S/V ratios and as the population of enzymes
in the confined environment decreases (Supporting Information). At
nanomolar concentrations, the total number of -Gal enzymes
decreases from thousands of molecules in the mother plugs, to
hundreds of molecules in 10 µm droplets, and to just tens of
molecules in 4 µmdroplets. As the degree of confinement increases,
S/V effects become increasingly important. A fully quantitative
understanding of how these phenomena impact chemical and
biochemical kinetics in confined systems would require real-time
spatial and/or spectral imaging of the redistribution of surfactant and
proteins as the droplets pass through the junction with laser scanning
confocal or total internal reflection microscopy, in conjunction with
numerical analyses of the time-dependent convection-diffusion
equation relating droplet deformation with surfactant transport, which
is beyond the scope of this work.
This knowledge will help in the choice of an appropriate
combination of working fluid, device geometry, surfactant con-
centration, and flow conditions to reduce the effect of surfactant
redistribution on the nonspecific adsorption of enzymes. It has
been shown recently that either reducing shear force or increasing
surfactant concentration or mobility39 can decrease the extent of
surfactant redistribution at the droplet interface. However, split-
ting-off daughter droplets from mother plugs is a multistep process
in our device. The operating parameter space is large, and
optimizing a critical parameter for one step can have negative
consequences for a previous step. For example, increasing the
surfactant concentration to better passivate the droplet interface
tends to destabilize plug formation, as described above. By
monitoring enzymatic reaction kinetics in femtoliter droplets
formed in this manner, we were able to identify a new mechanism
for enzyme adsorption and deactivation at ostensibly completely
passivated interfaces, with important implications for interpreting
kinetic data in microfluidics and nanofluidics systems.
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